The electrochemical properties of silver nanoparticle (d ∼ 5 nm) synthesized within aminosilica film from spontaneous reduction reaction were examined using cyclic voltammetry and the results show that the nanocomposite film exhibits similar redox property as solution-synthesized silver nanoparticles when measuring in phosphate buffer solution and its redox potentials were found to be sensitive to the presence of chloride ions. It also shows that silver nanoparticles and hydrolyzed aminosilica increase the electron diffusivity of the aminosilica film. Both results confirm that an accurate reference electrode suitable for microfluidic devices can be created simply by treating an aminosilica-coated electrode with a silver nitrate solution. Furthermore, a humidity sensor based on silver-silica nanocomposite film has also been demonstrated.
Introduction
The sol-gel materials have been widely used as an immobilization matrix to encapsulate variety of chemical species for optical, chemical, biochemical, and energy applications [1] [2] [3] . One limit of these materials is their low electrical conductivity due to the intrinsic property of silica itself. To overcome this drawback, there have been increasing interests to create nanocomposite materials based on sol-gel method that contains metallic components. These two components silica and metal have to work together to exhibit the desired properties that can never be achieved by single component alone.
Fabrication of metal-silica composite electrode has been reported using numerous methods [4] [5] [6] . However, the majority of the methods involve multiple steps due to the requirement of both reduction and immobilization of metallic nanoparticles [7, 8] . We have reported a simple and one step approach to synthesize aminosilica materials with immobilized silver nanoparticles distributed at a nanometer scale (nanocomposite) [9] . Here, we examine the electrochemical properties of the nanocomposite film produced from spontaneous reduction of silver. The effects of silver nanoparticles on electron transfer within the nanocomposite film were also examined in phosphate buffer and ferricyanide solutions. Each experiment in different solution shows distinct redox characteristic, indicating that this nanocomposite prepared by simple dip-coat method can be used as a sensitive electrode.
Experimental Procedure

General Preparation of Silver Nanoparticle Doped Silica
Gel. The silver nanoparticle doped aminosilica film was created fallowing simple two steps approach (Figure 1 ). The fluorine doped tin oxide (FTO) glass, purchased from Hartford Glass Co., was used as the working electrode. This FTO electrode was cleaned with acetone and methanol in ultrasonic bath for 10 minutes and then dried under compressed air. The surface was further treated in O 2 -plasma cleaner for 3 minutes to improve the adhesion of silica film on the surface. The thin film of bis [3-(trimethoxysilyl) propyl]ethylenediamine(enTMOS) was created on FTO glass from a methanol solution containing 0.1 M enTMOS by dip coating or spin coating. After the coating was dried in the air, the aminosilica-coated FTO glass was immerged into 
UV-VIS Spectroscopy.
UV-VIS spectroscopy method was used to monitor the formation of silver nanoparticles within the aminosilica matrix. The baseline of the spectra was calibrated before the measurement. The FTO electrode was placed inside a cuvette so that it is perpendicular to the beam path. Then, the cuvette was later filled with 0.1 M AgNO 3 methanol solution and the measurement was taken at each 10 minutes for a total of an hour. 200 kV. A 200 mesh gold grid was used. First, an enTMOS film was created on TEM grid by dipping the grid in a diluted enTMOS solution and dried in the air, then this enTMOS coated grid was dipped in a 0.1 M AgNO 3 solution for an hour. The grid was gently rinsed with methanol solutions and allowed the sample to dry.
Transmission Electron
Cyclic Voltammetry (CV).
The Faraday MP (Obbligato Objectives, Inc.) potentiostat was used to perform the electrochemical measurements. Unless it is otherwise stated, all measurements were performed at 50 mV s −1 scan rate. A three-electrode flow cell was constructed as previously described [9, 10] and the nanocomposite-coated FTO electrode was used as the working electrode. The reference electrode and counter electrode were silver chloride coated silver wire (Ag/AgCl) and platinum foil, respectively. The flow cell formed a sandwich device, and a round shape area on the working electrode about 2.68 mm 2 was allowed to contact with the electrolyte. The flow cell holds about 0.1 mL of electrolyte. Here, electrolyte includes phosphate buffer (with/ without chloride ions) or sodium nitrate with ferricyanide ions depending on the required experimental setup.
The CV measurement with ferricyanide ions was done in the same electrochemical cell containing a solution of 10 mM ferricyanide and 0.1 M sodium nitrate as electrolyte. Aminosilica electrode either with or without silver nanoparticles was fabricated according to the method described in previous section. The enTMOS film with ferricyanide was prepared by dipping the film into a 10 mM ferricyanide ion solution and washed with deionized water before the CV test.
Fabrication of Silver-Aminosilica Nanocomposite Film for Humidity Sensing.
To create a nanocomposite film that is suitable for humidity testing, self-assembly process similar to the previous report was used here [11] . A polypropylene substrate was immersed in the solution containing AgNO 3 and enTMOS premixed at a 1 : 4 molar ratio. After this composite film was created, the substrate was removed from the solution, washed, and then dried. Later, the film was peeled off from the substrate and attached to a glass substrate with both ends of the film connected by a conductive carbon tape. Humidity measurement was performed inside a glove box, where humidity was adjusted by mixing desired amount of air and dry nitrogen gas. Humidity inside the chamber was monitored using a portable humidity sensor (Model RH390, Extech Instruments). The electrical resistance of the film was recorded by a Keithley 614 electrometer.
Results and Discussion
Time-lapse UV-Vis spectroscopy in Figure 2 shows that silver nanoparticles were slowly produced inside the nanoporous aminosilica film when it was immersed in silver nitrate solution, causing the transparent film to turn into brownish yellow color. The increasing absorbance at ∼400 nm wavelength indicates that the concentration of silver nanoparticles has increased over time. Size of the nanoparticles within aminosilica was determined to be ∼5 nm by TEM (Figure 3) , which is thought to be limited by the pore size of aminosilica matrix. These results indicate that the creation of nanoparticles inside the silica materials can be simply achieved by dipping enTMOS films into a silver ion solution. Although TEM image shows individual silver International Journal of Electrochemistry nanoparticles are separated, which indicates nanoparticles do not directly contact with the FTO conducting layer, cyclic voltammetry (CV) measurement of the film in phosphate-buffered saline (1 × PBS, 137 mM NaCl) shows that the nanocomposite film exhibit very sharp redox current (±25 µA) with a narrow voltage range at ∼0 V versus Ag/AgCl reference electrode (Figure 4(a) ). The oxidation and reduction potentials of silver nanoparticles are 0.05 V and −0.09 V, corresponding to Ag + Cl − → AgCl and AgCl → Ag, respectively [12] . Such behavior is similar to the reported silver nanoparticles results [13, 14] , indicating pore-size limited nanoparticles produced from spontaneous reduction reaction within the aminosilica matrix are suitable for electrochemical application. Due to the high surface area to volume ratio of the nanoparticles, the peak current is very high with a very narrow peak width. On the contrary, when immersed in phosphate solution (without NaCl), redox reactions are associated with Ag → Ag 2 O and Ag 2 O → Ag at 0.37 V and −0.03 V [15] [16] [17] , respectively (Figure 4(b) ). Two redox peaks are broader than that in Figure 4 (a) with maximum current at ±10 µA.
Compared to silver nanocomposite, a silver wire (d ∼ 0.7 mm) working electrode shows much broader redox peaks in both PBS and phosphate solutions. The redox peaks are not symmetrical and the peak-peak separation is always greater than the CV graph of silver nanoparticle film even at the same scanning rate (50 mV s −1 ), which indicates a slow and complex reaction [12, 18] (Figures 5(a) and 5(b) ). The redox reactions on the surface of silver electrode were found to be more complicated than the nanocomposite samples. Because there was no redox chemical species from the solution directly involved, all redox reactions observed on CV come from silver itself.
The electron transfer rate between redox chemicals and silver nanoparticles were monitored using ferricyanide electrolyte. The aminosilica films containing silver nanoparticle were tested on the home-built electrochemical flow cell that contains ferricyanide solution. Because the aminosilica film is coated on the electrode surface, the CV curve does not follow the Nernst equation. The results show that silver nanoparticles within the aminosilica film improve the electron transfer rate, as indicated by its smallest difference of oxidation and reduction potential (Figure 6(a) ). Since the kinetics of electron transfer between ferricyanide and FTO electrode is constant, the potential difference increases with the scan rate. Compared to blank FTO electrode, pure aminosilica film also shows an improved electron transfer due to the positively charged matrix that attracts ferricyanide ions and facilitates the electron transfer.
Both pure aminosilica and nanocomposite films show higher diffusion rate of ferricyanide at the electrode, as seen on the steep slope on the current and scan rate plot ( Figure 6(b) ). The current density of both aminosilica and nanocomposite films is also higher than that of a blank FTO electrode, which confirms that high concentration of ferricyanide ions is trapped inside the positively charged aminosilica matrix. However the overall redox current of nanocomposite film is lower than that of the pure aminosilica film due to that pores of aminosilica film are occupied by silver nanoparticles (Figure 6(c) ), which may reduce the diffusion of ferricyanide ions. Although the diffusion rate is low within the aminosilica film, silver nanoparticles enhance the electron transfer between FTO electrode and redox chemicals by allowing the electrons to hop through.
The nanoporous structure of aminosilica could trap water molecule from the air and affects the surface conductivity under the presence of silver nanoparticles. This property was further utilized to demonstrate the concept of humidity sensing [19] . A thin enTMOS film that was created by mixing silver nitrate and aminosilane at a 1 : 4 mole ratio was tested in different humid environments. The results show that the electrical resistance of the nanocomposite decreases International Journal of Electrochemistry with humidity ( Figure 7 ). To determine its relationship, logarithm of resistance values was plotted against relative humidity with a sensitivity ratio of 0.066 Log(GΩ) RH −1 .
Conclusions
The electrochemical properties of silver nanoparticles synthesized via spontaneous reduction of silver nitrate inside an aminosilica-coated electrode were examined by cyclic voltammetry and the results show same performance as those of solution-synthesized silver nanoparticles. Compared to regular silver electrode, nanocomposite electrode also exhibits higher redox currents density with a much narrower halfpeak potential width. This proves that silver nanoparticles directly synthesized from aminosilica matrix can serve as the reference electrode. In addition, the humidity-sensitive characteristics of the nanocomposite film has been further utilized to demonstrate its humidity sensing ability.
